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MAGNETIC NANOPARTICLES EMBEDDED
IN POLYMER MICROPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s the National Stage of International
Application No. PCT/US2019/027904 filed Apr. 17, 2019,

which claims the benefit of U.S. Provisional Application No.
62/659,441 filed Apr. 18, 2018, the disclosures of which are

incorporated herein by this reference in their entireties.

FIELD OF THE DISCLOSURE

The present disclosure relates to hybrid nanoparticles, and
more particularly to hybrid nanoparticles embedded 1n non-
magnetic microparticles that can be used to directionally
ortent and mmpart an ordered structure to a variety of
materials.

BACKGROUND

Injection molded plastic parts can be made from filled
resins, 1in which the filler can have a high aspect ratio
(length/diameter), such as short or long glass fiber, short or
long carbon fiber, carbon nanotubes, etc. or a low aspect
rat10, such as spherical particles of T10,, ZnO, color pig-
ments etc. The orientation of the high aspect ratio fillers 1s
primarily dependent on the mold design and the flow fields
in the mold cavity. Consequently, parts made from filled
resins exhibit anisotropic mechanical properties, e.g., the
mechanical properties change as a function of direction of
loading due to filler orientation, making the part strong 1n
one orientation and weak in another. In comparison, com-
pression molding of filled resins results in the random
orientation of fillers and therefore oflers less control over the
anisotropy and final mechanical properties of the part. Some
other concerns 1n plastic parts made from filled resins
include poor dispersion and distribution of fillers that also
results 1n anisotropic material properties.

SUMMARY OF THE DISCLOSURE

Composites such as continuous carbon fiber composites
have highly structured fiber orientations that help control the
anisotropy, and can be used to create strong, stifl, and tough
parts. However, highly structured composites are dithcult to
manufacture. Therefore, there 1s a need for user-friendly
methods to manufacture filled plastic parts and composites.

The present disclosure addresses this need by providing a
way to control the orientation of one or more components in
a blend of two or more components to arrive at a novel way
to tallor mechanical and physical properties of a composite
material. The disclosure provides, among other things, a
simple way to combine organic and inorganic materials into
composites using polymer particles and nanoparticles that
respond to a magnetic field. The resulting microparticles can
be directionally oriented using a magnetic field to construct
a composite via, for example, compression molding.

In various aspects, a magnetic particle having a plurality
ol 1morganic or organic nanoparticles embedded in at least
one microparticle of a polymeric material 1s provided.

In various aspects, a method of making particle having a
plurality of inorganic or organic nanoparticles embedded in
at least one microparticle of a polymeric material 1s pro-
vided. The nanoparticles can be magnetic inorganic nan-
oparticles or magnetic organic nanoparticles. The method
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includes contacting an aqueous composition, including at
least one surfactant, with a solution of the at least one
polymeric material dissolved 1n an organic solvent; emulsi-
tying the aqueous composition and the solution to form a
dispersion of organic droplets including at least one poly-
meric material and the nanoparticles. In the method, the
nanoparticles are dispersed 1n the aqueous composition or in
the organic solvent.

In various aspects, a particle that can respond to a
magnetic field has from about 0.01% to about 25% w/w
(weight/weight %) of 1ron oxide nanoparticles embedded 1n
a polyetherimide microparticle, in which each of the iron
oxide nanoparticles has an average size of from about 10
nanometer (nm) to about 5000 nm, 1s provided.

Unexpectedly, when small amounts of magnetically
responsive nanoparticles are partially or wholly embedded
in a polymeric microparticle, the resulting composite mate-
rial can be directed or oriented by a magnetic field. Such
particles can be attached or bonded to other materials, such
as ceramics, and further oriented 1 a magnetic field to
construct structures that have tailored mechanical and physi-
cal properties as a result of the magnetically controlled
orientation and morphology of its building blocks.

BRIEF DESCRIPTION OF THE FIGURES

The drawings illustrate generally, by way of example, but
not by way ol limitation, various aspects of the present
disclosure.

FIG. 1 1s a cartoon representation of 1ron oxide embedded
nanoparticles 1 a polymeric microparticle, according to
various aspects.

FIG. 2 1s a schematic representation of the emulsification
process for forming microparticles, according to various
aspects.

FIG. 3 1s a cartoon representation of a non-magnetic
building block material coated with a magnetic polymeric
particle, according to various aspects.

FIG. 4 15 a cartoon of a particle comprising an iron oxide
nanoparticle i a polymeric microparticle that 1s bonded to
a non-magnetic building block material that 1s aligned using
a magnetic field, according to various aspects.

FIG. 5 1s a scanning electron micrograph of 1ron oxide
(Fe,O,) nanoparticles embedded in Ultem® polymer
microparticles.

FIG. 6A 1s a scanning electron micrograph of 1ron oxide
(Fe;O,) nanoparticles embedded in Ultem® polymer
microparticles, according to various aspects.

FIG. 6B 1s an area selected for EDX elemental map and
clemental analysis, according to various aspects.

FIG. 7A shows an EDX elemental map of Fe 1n a sample
of Fe;O, nanoparticles embedded in polymeric micropar-
ticles, according to various aspects.

FIG. 7B 1s a map of the EDX results for the particles
shown i FIGS. 6A and 6B.

DETAILED DESCRIPTION OF TH.
DISCLOSURE

(L]

Retference will now be made in detail to certain aspects of
the disclosed subject matter, examples of which are illus-
trated 1n part in the accompanying drawings. While the
disclosed subject matter will be described 1n conjunction
with the enumerated claims, it will be understood that the
exemplified subject matter 1s not mntended to limit the claims
to the disclosed subject matter.
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In various aspects, a particle having a plurality of 1nor-
ganic or organic nanoparticles embedded in at least one
microparticle 1s provided. The plurality of inorganic or
organic nanoparticles can be a plurality of magnetic inor-
ganic nanoparticles or a plurality of magnetic organic nan-
oparticles, or a combination thereof. The microparticle can
be a polymeric material or a mixture of polymeric materials.
The particle, therefore, 1s a hybrid material that includes a
plurality of magnetic nanoparticles 1n a single microparticle.
The nanoparticles can have an average size, as measured by
the largest dimension of the nanoparticle, ranging from
about 10 nm to about 5000 nm, about 20 nm to about 4000
nm, about 30 nm to about 3000 nm, about 40 nm to about
2000 nm, about 50 nm to about 1000 nm, about 60 nm to
about 500 nm, about 70 nm to about 400 nm, about 80 nm
to about 300 nm, about 90 nm to about 200 nm, or any range
or sub-range between these values. The nanoparticles can

have an average size of about 10 nm, 30 nm, 50 nm, 70 nm,
90 nm, 110 nm, 130 nm, 150 nm, 170 nm, 190 nm, 210 nm,

230 nm, 250 nm, 270 nm, 290 nm, 310 nm, 330 nm, 350 nm,
370 nm, 390 nm, 410 nm, 430 nm, 450 nm, 470 nm, 490 nm,
510 nm, 530 nm, 550 nm, 570 nm, 590 nm, 610 nm, 630 nm,
650 nm, 670 nm, 690 nm, 710 nm, 730 nm, 750 nm, 770 nm,
790 nm, 810 nm, 830 nm, 850 nm, 870 nm, 890 nm, 910 nm,
930 nm, 950 nm, 970 nm, 990 nm, or 1000 nm.

In various aspects, the nanoparticles can have an average

size of about 1010 nm, 1030 nm, 1050 nm, 1070 nm, 1090

nm, 1110 nm, 1130 nm, 1150 nm, 1170 nm, 1190 nm, 1210
nm, 1230 nm, 1250 nm, 1270 nm, 1290 nm, 1310 nm, 1330
nm, 1350 nm, 1370 nm, 1390 nm, 1410 nm, 1430 nm, 1450
nm, 1470 nm, 1490 nm, 1510 nm, 1530 nm, 1550 nm, 1570
nm, 1590 nm, 1610 nm, 1630 nm, 1650 nm, 1670 nm, 1690
nm, 1710 nm, 1730 nm, 1750 nm, 1770 nm, 1790 nm, 1310
nm, 1330 nm, 18350 nm, 1870 nm, 18390 nm, 1910 nm, 1930

nm, 1950 nm, 1970 nm, 1990 nm, 2010 nm, 2030 nm, 2050
nm, 2070 nm, 2090 nm, 2110 nm, 2130 nm, 2150 nm, 2170
nm, 2190 nm, 2210 nm, 2230 nm, 2250 nm, 2270 nm, 2290
nm, 2310 nm, 2330 nm, 2350 nm, 2370 nm, 2390 nm, 2410
nm, 2430 nm, 2450 nm, 2470 nm, 2490 nm, 2510 nm, 2530
nm, 2550 nm, 2570 nm, 2590 nm, 2610 nm, 2630 nm, 2650
nm, 2670 nm, 2690 nm, 2710 nm, 2730 nm, 2750 nm, 2770
nm, 2790 nm, 2810 nm, 2830 nm, 2850 nm, 2870 nm, 2890
nm, 2910 nm, 2930 nm, 2950 nm, 2970 nm, 2990 nm, 3010
nm, 3030 nm, 3050 nm, 3070 nm, 3090 nm, 3110 nm, 3130
nm, 3150 nm, 3170 nm, 3190 nm, 3210 nm, 3230 nm, 3250
nm, 3270 nm, 3290 nm, 3310 nm, 3330 nm, 3350 nm, 3370
nm, 3390 nm, 3410 nm, 3430 nm, 3450 nm, 3470 nm, 3490
nm, 3510 nm, 3530 nm, 3550 nm, 3570 nm, 3590 nm, 3610
nm, 3630 nm, 3650 nm, 3670 nm, 3690 nm, 3710 nm, 3730
nm, 3750 nm, 3770 nm, 3790 nm, 3810 nm, 3830 nm, 3850
nm, 3870 nm, 3890 nm, 3910 nm, 3930 nm, 3950 nm, 3970
nm, 3990 nm, 4010 nm, 4030 nm, 4050 nm, 4070 nm, 4090
nm, 4110 nm, 4130 nm, 4150 nm, 4170 nm, 4190 nm, 4210
nm, 4230 nm, 4250 nm, 4270 nm, 4290 nm, 4310 nm, 4330
nm, 4350 nm, 4370 nm, 4390 nm, 4410 nm, 4430 nm, 4450
nm, 4470 nm, 4490 nm, 4510 nm, 4530 nm, 4550 nm, 4570
nm, 4590 nm, 4610 nm, 4630 nm, 4650 nm, 4670 nm, 4690
nm, 4710 nm, 4730 nm, 4750 nm, 4770 nm, 4790 nm, 4810
nm, 4830 nm, 4850 nm, 4870 nm, 4890 nm, 4910 nm, 4930
nm, 4950 nm, 4970 nm, 4990 nm, or any range or sub-range
between these values. FIG. 1 shows a cartoon of nanopar-
ticles embedded on the surface of a polymer microparticle
(top), completely embedded 1n the interior of the polymer
microparticle (middle), and partially embedded on the sur-
face and in the interior of the microparticle (bottom).

In various aspects, the average size of the microparticle,
as measured by the largest dimension of the microparticle, 1s
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from about 0.25 micron (um) to about 75 um, about 0.5 um
to about 65 um, about 1 pum to about 55 um, about 2 um to
about 45 um, about 3 um to about 35 um, about 4 um to
about 25 um, about 5 um to about 15 um, or any range or
sub-range between these values. In various aspects, the
microparticles have an average size of about 0.5 um, bout 1
wm, about 2 um, about 3 um, about 4 um, about 5 um, about
6 um, about 7 um, about 8 um, about 9 um, about 10 wm,
about 11 um, about 12 um, about 13 um, about 14 um, about
15 um, about 16 um, about 17 um, about 18 um, about 19
wm, about 20 um, about 21 um, about 22 um, about 23 um,
about 24 um, about 25 um, about 26 um, about 27 um, about
28 um, about 29 um, about 30 um, about 31 um, about 32
wm, about 33 um, about 34 um, about 35 um, about 36 um,
about 37 um, about 38 um, about 39 um, about 40 um, about
41 um, about 42 um, about 43 wm, about 44 um, about 45
wm, about 46 um, about 47 um, about 48 um, about 49 um,
about 50 um, about 51 um, about 52 um, about 53 um, about
54 um, about 55 um, about 56 um, about 57 um, about 38
wm, about 59 um, about 60 um, about 61 um, about 62 um,
about 63 um, about 64 um, about 65 um, about 66 um, about
67 um, about 68 um, about 69 um, about 70 um, about 71
wm, about 72 um, about 73 um, about 74 um, about 75 um,
or any range or sub-range between these values.

Nanoparticle and microparticle sizes can be determined
by methods such as scanning electron microscopy, atomic
force microscopy, dynamic light scattering, or laser difirac-
tion. The nanoparticles or microparticles can be monodis-
perse. Nanoparticles can have d,, values of about 1 um,
about 2 um, about 3 um, about 4 um, about 5 um, about 6
um, about 7 um, about 8 um, about 9 um, about 10 um, or
any range or sub-range in between these values. In various
aspects, nanoparticles can have d,, values of about 5 um.
Microparticles can have d,, values of about 70 um, about 71
wm, about 72 um, about 73 um, about 74 um, about 75 um,
about 76 um, about 77 um, about 78 um, about 79 um, about
80 um, or any range or sub-range between these values. In
various aspects, microparticles can have dg, values of 75
L.

In various aspects the nanoparticles can be nanoparticles
comprising a magnetic material, such as a metal oxide.
Suitable metal oxides include, but are not limited to, Al,O,,
Ni0O, Fe,O,, Fe O, , ZrO,, MoO,, Ce0,, Y,O;, T10,, MgO,
/n0O, ZrO,, SnO or combinations thereof. The nanoparticles
can be substantially a single metal oxide or a mixture of
metal oxides.

In various aspects, the nanoparticles respond to a mag-
netic field. The nanoparticles can respond to a magnetic field
to an extent that allows for a material that contains embed-
ded nanoparticles to also move 1n the magnetic field, thereby
also moving the entire particle in which the nanoparticles are
embedded in. A magnetic field suitable to cause movement
of the nanoparticles embedded 1n microparticles can have a
field strength of about 0.01 T to about 3 T. When nanopar-
ticles are embedded in the microparticles described herein,
the combined particles (nanoparticles embedded i1n
microparticles) can move or flow when the magnetic field 1s
moved. In various aspects, the amount of nanoparticles in
the microparticle can be from about 0.01% to about 25%
w/w, about 0.025% to about 20% w/w, about 0.075% to
about 15% w/w, about 1% to about 10% w/w, about 2% to
about 8% w/w, about 3% to about 7% w/w, about 4% to
about 6% w/w relative to the weight of the microparticle, or
any range or sub-range between these values. In various
aspects, the amount of nanoparticles 1n the microparticle can
be about 0.01% w/w, about 0.025% w/w, about 0.05% w/w,
about 0.1% w/w, about 0.25% w/w, about 0.5% w/w, about
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0.75% w/w, about 1% w/w, about 1.5% w/w, about 2% w/w,
about 2.5% w/w, about 3% w/w, about 3.5% w/w, about 4%
w/w, about 4.5% w/w, about 5% w/w, about 6% w/w, about
7% w/w, about 8% w/w, about 9% w/w, about 10% w/w,
about 11% w/w, about 12% w/w, about 13% w/w, about 14%
w/w, about 15% w/w, about 16% w/w, about 17% w/w,
about 18% w/w, about 19% w/w, about 20% w/w, about 21%
w/w, about 22% w/w, about 23% w/w, about 24% w/w,
about 25% w/w relative to the weight of the microparticle,
Or any range or sub-range between these values.

In various aspects the microparticle can include a ther-
moplastic resin. The microparticle can contain a single
thermoplastic resin or a mixture of thermoplastic resins.
Suitable thermoplastic resins 1include, but are not limited to,
polyetherimide, polycarbonate, polyether ether ketone,
polyethersulfone, monopolymers and co-polymers of any of
the forgoing, or combinations thereof. In various aspects, the
microparticle 1s a cured thermoplastic resin.

In various aspects, the nanoparticles are homogenously
distributed throughout the microparticle. When nanopar-
ticles are homogenously distributed throughout the
microparticle, they are present 1n a substantially uniform
distribution 1n the interior of the microparticle, a umiform
distribution on the surface of the microparticle, or 1 a
uniform distribution both on the surface and in the interior
of the microparticle. The nanoparticles can also, 1n some
instances, be non-homogenously distributed throughout the
microparticle. For example, 1n some instances, there can be
a gradient distribution of nanoparticles in the microparticles,
such that the concentration of nanoparticles 1n the micropar-
ticles 1s greater 1n one region of the microparticles than in
another different region. In some 1nstances, the nanoparticles
can be primarily concentrated in one region of the micropar-
ticles, whereas other regions of the microparticles contain
little or no nanoparticles. The nanoparticles can also be both
encapsulated and embedded 1n the microparticle such that
there are microparticles both on the surface and in the
interior of the microparticle according to any of the homog-
enous or non-homogenous distributions described herein.

In various aspects, the nanoparticles are substantially
embedded in the microparticle. In various aspects, the
nanoparticles are at least partially disposed on the surface of
the microparticle. When nanoparticles are partially disposed
on the surface of the microparticle, a portion of the nan-
oparticle can also be 1n the interior of the microparticle.

When nanoparticles are embedded on the surface of a
microparticle, they can be disposed over any suitable portion
of the surface area of the microparticle. For example, 1n
various aspects, the nanoparticles can be disposed on from
about 0.1% to about 50%, about 1% to about 40%, about 2%
to about 30%, about 3% to about 20%, about 4% to about
15%., about 5% to about 10% of the surface area of the
microparticle, or any range or sub-range between these
values. In various aspects, the nanoparticle can be disposed
on about 0.1%, about 1%, about 2%, about 3%, about 4%,
about 5%, about 6%, about 7%, about 8%, about 9%, about
10% of the surface area of the microparticle, or any range or
sub-range between these values.

In one aspect, a method of making a particle having a
plurality of inorganic or organic nanoparticles embedded in
at least one microparticle 1s provided. The plurality of
inorganic or organic nanoparticles can be a plurality of
magnetic 1norganic nanoparticles or a plurality of magnetic
organic nanoparticles, or a combination thereof. The method
includes contacting an aqueous composition including at
least one surfactant with a solution of the at least one
polymeric material, from which the microparticles are
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formed (e.g., one or more of the thermoplastic resins
described herein 1s dissolved 1n an organic solvent), dis-
solved 1n an organic solvent and emulsitying the aqueous
composition and the solution to form a dispersion of organic
droplets including the at least one polymeric material and
the nanoparticles. The nanoparticles can be dispersed 1n the
aqueous composition or 1 the organic solvent. FIG. 2
depicts a schematic representation of the synthesis of the
particles according to the inventive methods described
herein.

In various aspects, the aqueous composition includes
deionized water and at least one surfactant. In various
aspects, the surfactant includes an 1onic or non-ionic sur-
factant. Suitable surfactants include L-a-phosphatidylcho-
line (PC), 1,2-dipalmitoylphosphatidycholine (DPPC), oleic
acid, sorbitan trioleate, sorbitan mono-oleate, sorbitan
monolaurate, polyoxyethylene sorbitan monolaurate,
sodium dodecyl benzene sulfonate, sodium dodecyl sulfate,
ammonium lauryl sulfate, sodium lauryl ether sulfate
(SLES), sodium myreth sulfate, dioctyl sodium sulfosucci-
nate, pertluorooctanesulionate (PFOS), perfluorobutane-
sulfonate, and linear alkylbenzene sulfonates (LABS), poly-
oxyethylene sorbitan monooleate, natural lecithin, oleyl
polyoxyethylene ether, stearyl polyoxyethylene ether, lauryl
polyoxyethylene ether, block copolymers of oxyethylene
and oxypropylene, synthetic lecithin, diethylene glycol
dioleate, tetrahydrofurfuryl oleate, ethyl oleate, isopropyl
myristate, glyceryl monooleate, glyceryl monostearate,
glyceryl monoricinoleate, cetyl alcohol, stearyl alcohol,
polyethylene glycol 400, cetyl pyrnidimium chloride, ben-
zalkontum chlornide, olive oi1l, glyceryl monolaurate, com
o1l, cotton seed o1l, and sunflower seed o1l, and combinations
and denivatives thereof.

The nonionic surfactant can be a C,_,, aliphatic alcohol
cthoxylate having about 1 to about 25 mol of ethylene oxide
and having have a narrow homolog distribution of the
cthylene oxide (“narrow range ethoxylates”) or a broad
homolog distribution of the ethylene oxide (“broad range
cthoxylates”). The nonionic surfactant can be a C,._ .,
aliphatic alcohol ethoxylate having about 2 to about 18 mol
of ethylene oxide. Examples of suitable commercially avail-
able nonionic surfactants of this type include Tergitol™
15-S-9 (a condensation product of C,,_,s linear secondary
alcohol with 9 moles ethylene oxide), Tergitol™ 24-L.-
NMW (a condensation product of C,, ,, linear primary
alcohol with 6 moles of ethylene oxide) with a narrow
molecular weight distribution from Dow Chemical Com-
pany. Additional suitable nonionic surfactants include the
Genapol™ brands of Clariant GmbH. Other nonionic sur-
factants that can be used include polyethylene, polypropyl-
ene, and polybutylene oxide condensates of C,._ ,, alkyl
phenols, for example compounds having 4 to 25 moles of
cthylene oxide per mole of C._,, alkylphenol. In various
aspects, the nonionic surfactant mcludes 5 to 18 moles of
cthylene oxide per mole of a C,_,, alkylphenol. Commer-
cially available surfactants of this type include Igepal®

CO-630, Triton® X-45, X-114, X-100 and X102, Tergitol™
TMN-10, Tergitol® TMN-100X, and Tergitol™ TMN-6 (all
polyethoxylated 2,6,8-trimethyl-nonylphenols or mixtures
thereol) from Dow Chemical Corporation, and the Arko-
pal-N products from Hoechst AG. Other suitable surfactants
can include the addition products of ethylene oxide with a
hydrophobic base formed by the condensation of propylene
oxide with propylene glycol. The hydrophobic portion of
these addition products can have, in various aspects, a
molecular weight between about 1500 and about 1800
Daltons. Commercially available examples of this class of
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product are the Pluronic brands from BASF and the Genapol
PF trademarks of Hoechst AG. The addition product of

cthylene oxide with a reaction product of propylene oxide
and ethylenediamine can also be used. The hydrophobic
moiety of these compounds consists of the reaction product
of ethylenediamine and excess propylene oxide, and gener-
ally has a molecular weight of about 2300 to about 3000
Daltons. This hydrophobic moiety of ethylene oxide is
added until the product contains from about 40% to about

80% w/w of polyoxyethylene and has a molecular weight of
about 5000 to about 11,000 Daltons. Commercially avail-

able examples of this compound class are the Tetronic®
brands from BASF and the Genapol PN trademarks of
Hoechst AG. In various aspects, the nonionic surfactant 1s a
Ce_;- alkyl phenol having 4 to 25 moles of ethylene oxide
per mole of C,_,, alkylphenol. In various aspects, the non-
ionic surfactant 1s a C_,, alkyl phenol having 5 to 18 moles
of ethylene oxide per mole of C,_,, alkylphenol. In various
aspects, an 1onic surfactant (e.g., an anionic surfactant) can
be included 1n combination with the nonionic surfactant. For
example, when present, an anionic surfactant can be 1n an
amount of 0.1 to 10% w/w, relative to the weight of the
nonionic surfactant. The anionic surfactant can be present in
amount of 1 to 9% w/w, 2 to 8% w/w, 3 to 7% w/w, or 4 to
6% w/w. The anionic surfactant can be present in amount of
0.1% w/w, 0.5% w/w, 1% w/w, 3% w/w, 4% w/w, 5% w/w,
6% wiw, 7% wiw, 8% wiw, 9% w/w, or 10% w/w, or any
range between these values.

The organic solvent can be any solvent that 1s capable of
dissolving a thermoplastic resin or thermoplastic resin mix-
ture, such as the polyetherimide resin described herein. The
organic solvent can also be a mixture of solvents. Suitable
organic solvents include methylene chloride, chloroform,
and dichloromethane. In some 1nstances, the organic solvent
should be substantially immuiscible with water and have a
boiling point of less than about 100° C.

The polymer microparticles can be made via emulsifica-
tion followed by a solvent removal process. Emulsification
followed by an organic solvent removal process generates
polymer particles in water, which can also be referred to as
a slurry. The slurry can be further filtered or spray dried to
obtain the wet or dry polymer materials. To remove larger
particles from the slurry (e.g., with particle diameters above
75 um), settling followed by decantation can be used.

In the emulsification process, the polymer dissolved in
organic solvent can be mixed with detonized water contain-
ing a surfactant followed by emulsification, which results 1n
emulsion formation. Solvent removal from the above
formed emulsion results 1 polymer microparticles that
contain embedded magnetic nanoparticles.

In various aspects, the nanoparticles are dispersed in the
aqueous composition prior to mixing with the organic sol-
vent. Combining nanoparticles dispersed in an aqueous
composition and an organic solvent containing dissolved
polymeric maternial results 1n an emulsion containing drop-
lets of polymeric material that have nanoparticles disposed
on the surface of the droplets, as shown 1n FIG. 2. In various
aspects, the nanoparticles are dispersed in the organic sol-
vent, prior to mixing with the aqueous composition. Com-
bining nanoparticles dispersed 1in an organic solvent con-
taining dissolved polymeric material with an aqueous
composition results 1 an emulsion containing droplets of
polymeric material that encapsulate the nanoparticles, as
shown 1n FIG. 2. After the aqueous and organic portions
described herein are combined, a high shear mixer can be
used to form the stable emulsion.
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In various aspects, the method further includes removing,
the organic solvent to form an aqueous dispersion of poly-
mer particles that includes the nanoparticles embedded in
the polymeric microparticles. Organic solvent can be
removed by, for example, heating the emulsion containming
droplets of polymeric material and the associated nanopar-
ticles to remove the organic solvent, which has a lower
boiling point than water. The heating can also be performed
at a reduced pressure that 1s less than atmospheric pressure.
After the organic solvent 1s removed, the aqueous phase
contains a slurry of microparticles of polymeric material
with nanoparticles embedded 1n microparticles, disposed on
the surface of the microparticles, or both disposed on the
surface and embedded 1n the interior of the microparticles.
The particles can be filtered using, for example, a 2 micron
filter, to 1solate the particles and remove the water. The
filtered particles can be optionally washed with deionized
water. The particles can be dried at 100 degrees Celsius (°
C.) to about 200° C. under vacuum to remove water.

In various aspects, a composition containing nanopar-
ticles embedded 1n polymeric microparticles can also
include a flow agent. The flow agent can be present 1n
amount of 0%, 0.01% to 5%, 0.05% to 1%, or 0.1% t0 0.25%
by weight of a particulate tlow agent. In various aspects, a
composition containing nanoparticles embedded in poly-
meric microparticles contains 0.1% to 0.25%, by weight, of
the flow agent. This flow agent 1s a particulate 1norganic
material having a median particle size of 10 microns or less,
and can include hydrated silica, amorphous alumina, a
glassy silica, a glassy phosphate, a glassy borate, a glassy
oxide, titania, talc, mica, a fumed silica, kaolin, attapulgite,
calcium silicate, alumina, and magnesium silicate, and com-
binations thereof. In one aspect, the flow agent 1s a fumed
silica. In various aspects, a filler can be added to the particles
before formation of the emulsion or any time aiter the
formation of the emulsion. In various aspects, the filler can
include single walled carbon nanotubes or multi walled
carbon nanotubes. In various aspects, a particle that
responds to a magnetic field includes from about 0.01% to
about 25% w/w of an 1ron oxide nanoparticle embedded 1n
a polyetherimide microparticle 1s provided. The micropar-
ticle has an average size of from about 1 um to about 75 um.

In various aspects, a method of making a composite
maternial includes combining a plurality of microparticles
containing magnetic nanoparticles with a non-magnetic
material. The non-magnetic material can be an inorganic
building block material. Examples of suitable inorganic
building block materials include stone, cement, ceramic,
minerals, and glass, and combinations thereof. The building
block materials can be 1n the form of a powder containing
particles with regular or irregular shapes, and the particles of
the building block material 1n the powder can have any
suitable size, for example from about 0.01 microns to about
1000 microns as measured by the largest dimension of the
particle of the building block material. The plurality of
microparticles containing magnetic nanoparticles can be
present 1n any suitable amount relative to the amount of the
building block material, for example the microparticles can
be present from about 0.01% w/w to about 20% w/w relative
to the amount of the building block matenial.

In various aspects, a plurality of microparticles containing,
magnetic nanoparticles can be chemically bonded or
mechanically bound to the non-magnetic material. In vari-
ous aspects, the composite material 1s orientable 1n a mag-
netic field. Inorganic building block materials have an aspect
ratio, so that they are larger 1n one dimension than 1n another.
For example, a non-magnetic building block can include
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platelet-like building blocks that are longer than they are
wide, as shown 1n FIG. 3. The magnetic particles described
herein, when bonded or attached to the non-magnetic build-
ing block materials can then be used to orient the non-
magnetic building block materials 1n a magnetic field. The
magnetic field lines of a magnet exert an attractive magnetic
force on the magnetic particles, and, because these magnetic
particles are attached to the building block matenal, 1t causes
the alignment of the building block material as well, as
shown 1 FIG. 4. Once a desired quantity of building block
material 1s oriented in this manner, compression molding,
can be used to compress the building block material 1nto a
desired shape. This shape will have anisotropic internal
structures due to the magnetic alignment of the building
block materials.

Throughout this document, values expressed in a range
format should be interpreted 1n a flexible manner to include
not only the numerical values explicitly recited as the limits
of the range, but also to include all the individual numerical
values or sub-ranges encompassed within that range as if
cach numerical value and sub-range 1s explicitly recited. For
example, a range of “about 0.1% to about 5%” or “about
0.1% to 3% should be interpreted to include not just about
0.1% to about 3%, but also the individual values (e.g., 1%,
2%, 3%, and 4%) and the sub-ranges (e.g., 0.1% to 0.5%,
1.1% to 2.2%, 3.3% to 4.4%) within the indicated range. The
statement “about X to Y has the same meaning as “about
X to about Y,” unless indicated otherwise. Likewise, the
statement “about X, Y, or about Z” has the same meaning as
“about X, about Y, or about Z,” unless indicated otherwise.

In this document, the terms ““a,” “an,” or “the” are used to
include one or more than one unless the context clearly
dictates otherwise. The term “or” 1s used to refer to a
nonexclusive “or” unless otherwise indicated. The statement
“at least one of A and B” or *“at least one of A or B” has the
same meaning as “A, B, or A and B.” In addition, 1t 1s to be
understood that the phraseology or terminology employed
hereimn, and not otherwise defined, 1s for the purpose of
description only and not of limitation. Any use of section
headings 1s 1intended to aid reading of the document and 1s
not to be interpreted as limiting; information that 1s relevant
to a section heading may occur within or outside of that
particular section. A comma can be used as a delimiter or
digit group separator to the left or right of a decimal mark;
for example, “0.000,1” 1s equivalent to “0.0001.”

In the methods described herein, the acts can be carried
out in any order without departing from the principles of the
disclosure, except when a temporal or operational sequence
1s explicitly recited. Furthermore, specified acts can be
carried out concurrently unless explicit claim language
recites that they be carried out separately. For example, a
claimed act of doing X and a claimed act of doing Y can be
conducted simultaneously within a single operation, and the
resulting process will fall within the literal scope of the
claimed process.

The term “about,” as used herein can allow for a degree
of vanability 1n a value or range, for example, within 10%,
within 5%, or within 1% of a stated value or of a stated limait
of a range, and includes the exact stated value or range.

The term “substantially,” as used herein refers to a major-
ity of, or mostly, as 1n at least about 50%, 60%, 70%, 80%,
90%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.9%, 99.99%,
or at least about 99.999% or more, or 100%. The term
“substantially free of” as used herein can mean having none
or having a trivial amount of, such that the amount of
material present does not atlect the material properties of the
composition mcluding the material, such that the composi-
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tion 1s about 0 wt % to about 5 wt % of the material, or about
0 wt % to about 1 wt %, or about 5 wt % or less, or less than,

equal to, or greater than about 4.5 wt %, 4, 3.5, 3,2.5,2, 1.5,
1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.01, or about
0.001 wt % or less. The term “substantially free of” can
mean having a trivial amount of, such that a composition 1s
about 0 wt % to about 5 wt % of the material, or about 0 wt
% to about 1 wt %, or about 5 wt % or less, or less than,
equal to, or greater than about 4.5 wt %, 4, 3.5, 3,2.5,2, 1.5,

1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.01, or about
0.001 wt % or less, or about 0 wt %.

The term “solvent™ as used herein refers to a liquid that
can dissolve a solid, liquid, or gas. Non-limiting examples of
solvents are silicones, organic compounds, water, alcohols,
ionic liquds, and supercritical fluids.

The term “surface,” as used herein, refers to a boundary
or side of an object, wherein the boundary or side can have
any perimeter shape and can have any three-dimensional
shape, including flat, curved, or angular, wherein the bound-
ary or side can be continuous or discontinuous.

As used herein, the term “polymer” refers to a molecule
having at least one repeating unit and can include copoly-
mers, oligomers, and macromonomers.

As used herein, the term “embedded’ refers to a substance
that 1s partially or substantially inside another substance. For
example, a nanoparticle can be embedded 1n a microparticle
and still have a portion of the nanoparticle’s surface outside
the 1nterior of the microparticle. The nanoparticle can also
be embedded inside the interior of a microparticle such that
no portion of the nanoparticle is outside the interior of the
microparticle.

The term “completely embedded” refers to a substance
that 1s entirely 1nside of another substance. For example, a
nanoparticle that 1s completely embedded 1n a microparticle
has the entire nanoparticle structure in the interior of the
microparticle.

As used herein, the term “organic’ refers to a substance
that contains at least one carbon-hydrogen bond, and
includes polymers, copolymers, and monomers as non-
limiting examples.

As used herein, the term “inorganic” refers to a substance
that lacks carbon-hydrogen bonds, and includes and includes
metals, metal oxides, silica, gold, silver, and quantum dots.

As used herein, the term “respond to a magnetic field”
refers to a substance that 1s attracted to a magnetic field
generated by a magnetic field source, such as a permanent
magnet or an electromagnet, and 1s capable of moving or
flowing when the magnetic field moves.

EXAMPLES

Various aspects of the present disclosure can be better
understood by reference to the following Examples which
are oflered by way of 1llustration. The present aspects are not
limited to the Examples given herein.

Preparation of Nanoparticle and Polymer Droplet Aqueous
Dispersion

4°7.5 grams of Ultem™ 1010 resin was dissolved 1n 200
grams ol methylene chloride. To this polymer solution, 2.5
grams of Fe,O, magnetic nanoparticles were added and
sonicated for ten minutes. After sonication, 20 grams, of
de-1onized (hereinafter “DI”) water containing 0.18 grams
of sodium dodecyl benzene sulfonate (SDBS) surfactant
(9000 ppm of SDBS based on DI water weight) was added,
and the resulting aqueous composition was added to the
polymer solution. The resulting two phases were emulsified
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using a shaker table at a low setting for 10 minutes, after
which a stable emulsion formed.

Removal of Organic Solvent

The above prepared emulsion was transferred dropwise
into a glass vessel containing 200 grams of DI water and 0.4
grams of SDBS, which was maintained at about 80° C., and
agitated using a magnetic stirrer. The methylene chloride
was condensed using a cold-water circulated condenser.
Once substantially all of the methylene chloride was
removed, the aqueous slurry was filtered through a 75-mi-
cron sieve to remove any particles with sizes above 75
microns. The aqueous slurry was then filtered using a
2-micron filter paper to remove the water, washed thrice
with DI water, and dried overnight at about 160° C. under
vacuum.

FIG. 5 and FIG. 6A show scanning electron micrographs
ol particles prepared by the methods described herein. In
FIG. S, the microparticles have a 1, of 217° C., a Mw of
45291 grams per mole (g/mol), a number molecular weight
M_ of 20000 g/mol, a D 50 01 9.9 um, and a D, 50 of 7.0 um.
FIG. 6B shows an area selected for EDX (energy-dispersive
x-ray) elemental map and elemental analysis of particles
prepared by the methods described herein.

FIG. 7A 1s an EDX elemental map of Fe 1n a sample of
Fe O, nanoparticles embedded 1n polymeric microparticles,
while FIG. 7B 1s a map of EDX results for the particles
shown 1n FIGS. 6A and 6B.

The terms and expressions that have been employed are
used as terms of description and not of limitation, and there
1s no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but 1t 1s recogmzed that
various modifications are possible within the scope of the
aspects of the present disclosure. Thus, 1t should be under-
stood that although the present disclosure has been specifi-
cally disclosed by specific aspects and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those of ordinary skill in the art, and
that such modifications and variations are considered to be
within the scope of aspects of the present disclosure.

ASPECTS

The following exemplary aspects are provided, the num-
bering of which 1s not to be construed as designating levels
ol 1mportance:

Aspect 1 provides a particle comprising, consisting of, or
consisting essentially of a plurality of magnetic inorganic or
organic nanoparticles embedded 1n at least one micropar-
ticle, the microparticle comprising at least one polymeric
material.

Aspect 2 provides the particle of aspect 1, wherein the
nanoparticles comprise metal oxide nanoparticles.

Aspect 3 provides the particle of any one of 1-2, wherein
the metal oxide 1s Al,O;, N10O, Fe,O,, Fe,0,, ZrO,, MoO;,
CeO,, Y,0,, T10,, MgO, ZnO, ZrO,, SnO, or combinations
thereof.

Aspect 4 provides the particle of any one of aspects 1-3,
wherein the nanoparticles respond to a magnetic field.

Aspect 5 provides the particle of any one of aspects 1-4,
wherein the nanoparticles comprise from about 0.01% to
about 25% w/w of the microparticle.

Aspect 6 provides the particle of any one of aspects 1-3,
wherein the nanoparticles comprise particles having an
average size of from about 10 nm to about 5000 nm.

Aspect 7 provides the particle of any one of aspects 1-6,
wherein the microparticle comprises a thermoplastic resin.
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Aspect 8 provides the particle of any one of aspects 1-7,
wherein the thermoplastic resin comprises a polyetherimide,
polycarbonate, polyether ether ketone, polyethersulione, or
combinations thereof.

Aspect 9 provides the particle of any one of aspects 1-8,
wherein the average size of the particle 1s from about 0.25
um to about 75 um.

Aspect 10 provides the particle of any one of aspects 1-9,
wherein the nanoparticles are homogenously distributed
throughout the microparticle.

Aspect 11 provides the particle of any one of aspects 1-10,
wherein the nanoparticles are substantially embedded 1n the
microparticle.

Aspect 12 provides the particle of any one of aspects 1-11,
wherein the nanoparticles are at least partially disposed on
the surface of the microparticle.

Aspect 13 provides the particle of any one of aspects 1-12,
wherein the nanoparticles cover from about 0.1% to about
50% of the surface area of the microparticle.

Aspect 14 provides a method of making the particle of
aspects 1-13, comprising, consisting of, or consisting essen-
tially of: contacting an aqueous composition comprising at
least one surfactant with a solution of the at least one
polymeric material dissolved in an organic solvent; and
emulsifying the aqueous composition and the solution to
form a dispersion of organic droplets comprising the least
one polymeric material and the nanoparticles; wherein the
nanoparticles are dispersed 1n the aqueous composition or in
the organic solvent.

Aspect 15 provides the method of any one of aspects 14,
wherein the aqueous composition comprises deionized
water.

Aspect 16 provides the method of any one of aspects
14-15, wherein the at least one surfactant comprises an 10nic
Or non-ionic surfactant.

Aspect 17 provides the method of any one of aspects
14-16, wherein the nanoparticles are dispersed in the aque-
ous composition.

Aspect 18 provides the method of any one of aspects
14-17, wherein the nanoparticles are dispersed in the organic
solvent.

Aspect 19 provides the method of any one of aspects
14-18, turther comprising: removing the organic solvent to
form an aqueous dispersion of polymer particles comprising
the least one polymeric material and the nanoparticles.

Aspect 20 provides a particle comprising: from about
0.01% to about 25% w/w of an 1ron oxide nanoparticle that
responds to a magnetic field embedded 1n a polyetherimide
microparticle, wherein the nanoparticle has an average size
of from about 10 nm to about 5000 nm.

Aspect 21 provides a method of making a composite
material, comprising: combining at least one particle of
aspects 1-13 with a non-magnetic material.

Aspect 22 provides the method of any one of aspects 21,
wherein the non-magnetic material 1s an inorganic building
block material.

Aspect 23 provides the method of any one of aspects
21-22, wherein the at least one particle 1s chemically bonded
to the non-magnetic materal.

Aspect 24 provides the method of any one of aspects
21-23, wherein the at least one particle 1s mechanically
bound to the non-magnetic material.

Aspect 25 provides the method of any one of aspects
21-24, wherein the composite material 1s orientable 1n a
magnetic field.
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What 1s claimed 1s:

1. A particle (P) comprising:

a plurality of magnetic mnorganic or organic particles (P1)
embedded 1n at least one microparticle (P2), the
microparticle (P2) comprising at least one polymeric
material, wherein

the magnetic mnorganic or organic particles (P1) have an
average size of from about 10 nm to about 5000 nm,

the polymeric material comprises a thermoplastic resin
comprising a polyetherimide, polycarbonate, polyether
cther ketone, polyethersulione, or combinations
thereof, and

the average size of the particle (P) 1s from about 0.25 um
to about 75 um.

2. The particle (P) of claim 1, wherein the magnetic

inorganic or organic particles (P1) comprise a metal oxide.

3. The particle (P) of claim 2, wherein the metal oxide 1s
Ni10O, Fe,O,, Fe,O,, MoO,, CeO,, Y,O,, T10,, or combi-
nations thereof.

4. The particle (P) of claiam 1, wherein the magnetic
inorganic or organic particles (P1) respond to a magnetic
field.

5. The particle (P) of claiam 1, wherein the magnetic
iorganic or organic particles (P1) comprise from about
0.01% to about 25% w/w of the microparticle (P2).

6. The particle (P) of claiam 1, wherein the magnetic
inorganic or organic particles (P1) have an average size of
from about 10 nm to about 1000 nm.

7. The particle (P) of claim 2, further comprising addi-
tional metal oxides selected from the group consisting of
Al,O,, ZrO,, MgO, Zn0O, and combinations thereof.

8. The particle (P) of claim 1, wherein the average size of
the particle (P) 1s from about 1 um to about 75 um.

9. The particle (P) of claiam 1, wherein the magnetic
inorganic or organmic particles (P1) are homogenously dis-
tributed throughout the microparticle (P2).

10. The particle (P) of claim 1, wherein the magnetic
inorganic or organic particles (P1) are substantially embed-
ded 1n the microparticle (P2).

11. The particle (P) of claim 1, wherein the magnetic
inorganic or organic particles (P1) are at least partially
disposed on the surface of the microparticle (P2).
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12. The particle (P) of claim 11, wherein the magnetic
inorganic or organic particles (P1) cover from about 0.1% to
about 50% of the surface area of the microparticle (P2).
13. A method of making the particle (P) of claim 1,
comprising:
contacting an aqueous composition comprising at least
one surfactant with a solution of the at least one
polymeric material dissolved 1in an organic solvent; and

emulsifying the aqueous composition and the solution to
form a dispersion of organic droplets comprising the
least one polymeric material and the magnetic 1nor-
ganic or organic particles (P1);

wherein the magnetic 1norganic or organic particles (P1)

are dispersed in the aqueous composition or in the
organic solvent.

14. The method of claim 13, wherein the aqueous com-
position comprises deionized water.

15. The method of claim 13, wherein the at least one
surfactant comprises an 10nic or non-ionic surfactant.

16. The method of claim 13, wherein the magnetic 1nor-
ganic or organic particles (P1) are dispersed in the aqueous
composition.

17. The method of claim 13, wherein the magnetic 1nor-
ganic or organic particles (P1) are dispersed in the organic
solvent.

18. The method of claim 13, further comprising:

removing the organic solvent to form an aqueous disper-

sion ol polymer particles (P) comprising the least one
polymeric material and the magnetic inorganic or
organic particles (P1).

19. A particle (P) comprising;:

from about 0.01% to about 25% w/w of an iron oxide

particle (P1) that responds to a magnetic field embed-
ded 1n a polyetherimide microparticle (P2), wherein the
iron oxide particle (P1) has an average size of from
about 10 nm to about 5000 nm.

20. The particle (P) of claim 19, wherein the 1ron oxide
particle (P1) has an average size of from about 10 nm to

about 1000 nm.



	Front Page
	Drawings
	Specification
	Claims

